Desulfovibrio vulgaris Hildenborough strains with significantly increased tolerance to NaCl were obtained via experimental evolution. A NaCl-evolved strain, ES9-11, isolated from a population cultured for 1200 generations in medium amended with 100 mM NaCl, showed better tolerance to NaCl than a control strain, EC3-10, cultured for 1200 generations in parallel but without NaCl amendment in medium. To understand the NaCl adaptation mechanism in ES9-11, we analyzed the transcriptional, metabolite and phospholipid fatty acid (PLFA) profiles of strain ES9-11 with 0, 100-or 250 mM-added NaCl in medium compared with the ancestral strain and EC3-10 as controls. In all the culture conditions, increased expressions of genes involved in amino-acid synthesis and transport, energy production, cation efflux and decreased expression of flagellar assembly genes were detected in ES9-11. Consistently, increased abundances of organic solutes and decreased cell motility were observed in ES9-11. Glutamate appears to be the most important osmoprotectant in D. vulgaris under NaCl stress, whereas, other organic solutes such as glutamine, glycine and glycine betaine might contribute to NaCl tolerance under low NaCl concentration only. Unsaturation indices of PLFA significantly increased in ES9-11. Branched unsaturated PLFAs i17:1 x9c, a17:1 x9c and branched saturated i15:0 might have important roles in maintaining proper membrane fluidity under NaCl stress. Taken together, these data suggest that the accumulation of osmolytes, increased membrane fluidity, decreased cell motility and possibly an increased exclusion of Na þ contribute to increased NaCl tolerance in NaCl-evolved D. vulgaris.
Introduction
Desulfovibrio vulgaris is a member of the dissimilatory sulfate-reducing bacteria (SRB) widely distributed in anaerobic environments, such as gas pipelines, subsurface tanks, sediments and off-shore petroleum production facilities (Postgate, 1984) . Much research has focused on D. vulgaris as a model to explore the SRB that have important roles in the biogeochemical cycling of sulfur, carbon and nitrogen and potentially the bioremediation of toxic heavy metals and radionuclides. In addition, SRB have been identified as culprits in the biocorrosion of ferrous metal installations in the petroleum industry and concrete structures in wastewater collection systems (Muyzer and Stams, 2008; Zhou et al., 2011) . Effective reduction of highly toxic Cr (VI) or U (VI) to less toxic Cr (III) or U (IV) by D. vulgaris Hildenborough has been reported (Lovley et al., 1993; Lovley and Phillips, 1994; Elias et al., 2004) , and D. vulgaris was found to exist in uranium (VI) contaminated field site (Chang et al., 2001) . High NaCl concentration is also present in several DOE (Department of Energy) sites contaminated with toxic metals. Therefore, evolving NaCltolerant D. vulgaris strains and identifying the NaCl adaptation mechanisms could have important consequences for bioremediation strategies and the prediction of biocorrosion for the petroleum industry.
Several aspects of the NaCl stress responses in microorganisms have been studied. Intracellular accumulation of cocktails of organic solutes has been shown to be one of the major strategies to cope with osmotic stress caused by high concentrations of NaCl (Roberts, 2005) . In the model Gram-negative bacterium, Escherichia coli, glutamate (Glu), proline, glycine betaine (GB), ectoine and trehalose accumulated during osmotic stress (Jebbar et al., 1992; Strøm and Kaasen, 1993; McLaggan et al., 1994) . Glu was found to be the primary osmolyte in other microorganisms, such as Salmonella typhimurium (Botsford et al., 1994) and Rhizobium meliloti (Botsford and Lewis, 1990) . GB and proline have been reported to be important osmolytes in Listeria monocytogenes (Ko et al., 1994) and Bacillus subtilis (Whatmore et al., 1990) , respectively. GB and trehalose were the major compatible solutes in the moderately halophilic SRB Desulfovibrio halophilus (Welsh et al., 1996) . In D. vulgaris, GB and ectoine were found to be important for relieving NaCl stress caused by exposure to 250 mM NaCl for 4 h (Mukhopadhyay et al., 2006) . By contrast, accumulation of Glu (eightfold) and alanine (Ala, 1.8-fold) was detected in D. vulgaris exposed to 250-mM NaCl stress for about 100 h . However, the osmoprotectants that counteract the osmotic stress caused by NaCl during evolutionary adaptation of D. vulgaris are unknown. Other NaCl tolerance mechanisms include changes of membrane lipid composition to compensate for the decrease in membrane fluidity. Levels of unsaturated fatty acids in membrane lipids increased in B. subtilis under osmotic stress (Ló pez et al., 2000; Los and Murata, 2004 ). An increase of branched fatty acids in Gram-positive halophilic and halotolerant bacteria or unsaturated fatty acids in Gram-negative and Gram-positive halophilic bacteria increases the membrane fluidity when grown in media with increasing salt concentrations (Kates, 1986; Russell, 1989) . In D. vulgaris, an increase of unsaturated branched fatty acid i17:o9c was detected in response of D. vulgaris to NaCl shock (Mukhopadhyay et al., 2006) . Any changes in phospholipid fatty acid (PLFA) composition during evolutionary NaCl adaptation of D. vulgaris remain to be determined.
Salt-stress tolerance is a polygenic trait especially attractive for evolutionary studies (Dhar et al., 2011) .
Considering the complexity of interactions between natural environments and microorganisms, it is challenging to understand how microorganisms respond to stresses and then adapt genetically. The response of D. vulgaris to NaCl shock (Mukhopadhyay et al., 2006) and 100-h exposure have been reported. In addition, experimental evolution of microorganisms under controlled laboratory conditions have been established (Elena and Lenski, 2003) . Therefore, we aimed to reveal the possible adaptation mechanism of D. vulgaris developed through experimental evolution under NaCl stress by transcriptomic, metabolite and PLFA analyses.
Towards this goal, NaCl-adapted strains of D. vulgaris was obtained after culturing for 1200 generations in medium amended with 100 mM NaCl. Examination of single-colony isolates from the NaCl-evolved cultures indicated that the accumulation of organic osmolytes, increased membrane fluidity, increased exclusion of Na þ and decreased cell motility contribute to the increased NaCl tolerance.
Materials and methods

Bacterial strains and growth conditions
A clonal isolate of D. vulgaris Hildenborough (ATCC 29579) was used as the ancestor (An) to found 12 populations for experimental evolution. Six populations (EC, population Nos. 1-6) were subsequently propagated in control environment (defined medium LS4D with 60 mM lactate as electron donor and 50 mM sulfate as electron acceptor, no supplemented NaCl, total [Na þ ] is about 210 mM; Mukhopadhyay et al., 2006) and six populations (ES, population Nos. 7-12) propagated in a constant NaCl stress environment (LS4D with additional 100 mM NaCl, total [Na þ ] is about 310 mM) for 1200 generations. The cell cultures were grown at 37 1C anaerobically and serially transferred every 48 h with a 1-100 dilution. Single-colony isolates (strains designated as EC3-10 and ES9-11) from the evolved populations EC No.3 or ES No.9, respectively, were obtained by plating and single-colony isolation.
Analysis of growth data
Growth phenotypes of the ancestral strain (An) and evolved strains ES9-11 and EC3-10 in control medium LS4D or NaCl stress medium (LS4D þ 250 mM NaCl) were examined with three replicates for each strain. Growth rate and yield were obtained independently from the growth curve of each replicate. Yield was the maximum OD 600 (optical density measured at the wavelength of 600 nm) reached by the culture and the growth rate was 2.303 Â the slope of the linear portion of the growth curve obtained by plotting log 10 (OD 600 ) with time.
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Biomass production
Freezer stocks of the ancestral strain An and the evolved strains, ES9-11 and EC3-10, were inoculated into 10 ml LS4D with 1-100 dilution and grown to stationary phase. These cultures (1 ml) were then inoculated into the production vessels containing 100 ml of LS4D supplemented with different concentrations of NaCl (0, 100 or 250 mM). All samples were prepared in triplicates. The mid-exponential phase cultures (OD 600 B0.4 with exception of OD 600 B0.25 for the An strain grown in LS4D þ 250 mM NaCl) were harvested by centrifugation at 6000 g for 10 min at 4 1C with 50 ml cell culture in each Falcon tube and the biomass was frozen in liquid nitrogen and kept at À 80 1C for transcript and metabolite assays.
Isolation of total RNA, genomic DNA and fluorescence labeling Isolation, purification and fluorescence labeling of total cellular RNA were performed as described previously (Chhabra et al., 2006) . Genomic DNA was isolated from D. vulgaris with CTAB method (Zhou et al., 1996) . Total RNA and genomic DNA were labeled with fluorescent dye Cy5 or Cy3, respectively. Cy5-labeled cDNA and Cy3-labeled gDNA were dried and stored at À 20 1C before hybridization.
Microarray hybridization and data analysis
The D. vulgaris whole-genome oligonucleotide (70mer) microarray covering 3482 of the 3531 protein-coding sequences of the D. vulgaris genome was used for transcriptomics analysis. Array hybridizations were carried out with TECAN hybridization station (TECAN HS4800, TECAN Group Ltd, Durham, NC, USA). Array hybridization and data analysis were performed as described previously (Mukhopadhyay et al., 2006; Zhou et al., 2010) . Microarray data have been deposited in the NCBI GEO database under accession number GSE39675.
The similarities of transcriptional profiling among different samples were analyzed with detrended correspondence analysis and AnoSim. The transcript level of each open reading frame was calculated as the ratio of signal intensity of Cy5 to Cy3, and the genes detected in at least two out of three replicates were kept for statistical analysis.
Extraction and analysis of metabolites by LC-MS (liquid chromatography-mass spectrometry) or CE-MS (capillary electrophoresis-mass spectrometry) Metabolites were extracted via a methanol/water/ chloroform extraction procedure and analyzed with CE-MS and LC-MS (Baidoo et al., 2008; He et al., 2010) . All solvents were of HPLC (high-performance liquid chromatography) or greater grade (Honeywell Burdick and Jackson, Muskegon, MI, USA). Formic acid (498% v/v) was purchased from Riedel-de Haën (Seelze, Germany). Chemical standards for amino acids were purchased from Sigma-Aldrich (St Louis, MO, USA). The stock solutions (200 mM) for amino acids were prepared with methanolwater (50:50, v/v). The lyophilized extracts from freezedried biomass (pellet from 50 ml of cell culture with OD 600 B0.4 as described above) were reconstituted in 500 ml of methanol-water (50:50, v/v) solution or diluted to ensure that metabolite concentrations were within the ranges of the calibration curves.
Cell motility assay Mid-exponential phase cells (5 ml, OD 600 B0.4) of the ancestral strain An and the evolved strains, ES9-11 and EC3-10 (precultured from glycerol stocks and grown for one growth cycle with LS4D as described above), were applied on the surface of soft agar (0.4% (w/v)) plates (LS4D or LS4D þ 250 mM NaCl). The plates were cultivated at 37 1C anaerobically for 4 days and the colony diameters were measured.
PLFA assays
Pellets from 50 ml of late-exponential phase cultures were collected and frozen in liquid nitrogen. The PLFA assay was conducted by Microbial ID Inc. (Newark, DE, USA). Briefly, fatty acids were extracted and methylated and then analyzed on a gas chromatograph equipped with a flame ionization detector. Peaks were named by comparing the calibration mixture with Sherlock software (Microbial ID Inc.). Unsaturation index (UI) of PLFAs was calculated as UI ¼ ((C:1 Â 1) þ (C:2 Â 2) þ (C:3 Â 3) þ (C:4 Â 4))/100, where C:1, C:2, C:3 and C:4 represent fatty acid's proportion (%) with 1, 2, 3 and 4 double bonds, respectively) (Ruess et al., 2007) .
Results
Increased NaCl tolerance in evolved D. vulgaris An additional 100 mM NaCl in growth medium LS4D (containing ca. 210 mM Na þ ) slightly decreased the final biomass yield and extended the lag phase of D. vulgaris. By contrast, a significant decrease of final biomass yield (about 50%) and growth rate were observed when grown in LS4D amended with 250 mM NaCl . We interpreted these observations to define the 100-mM NaCl amendment to be a low stress and 250-mM NaCl, a high stress condition. Therefore, LS4D þ 100 mM NaCl was used as the stress condition for experimental evolution and LS4D þ 250 mM NaCl was used for evaluation of NaCl tolerance in evolved D. vulgaris.
Significant improvement of tolerance to NaCl was observed in evolved D. vulgaris populations that had been cultured in unamended medium before challenging with 250 mM NaCl (Supplementary Figure S1) . In order to identify the adaptation mechanisms underlying the improved tolerance phenotype, single-colony isolates ES9-11 from population ES No.9 evolved in LS4D þ 100 mM NaCl and EC3-10 from population EC No.3 evolved in LS4D were further investigated. The strains were each chosen as isolates with the best growth performance in LS4D þ 250 mM NaCl from 15 randomly picked colonies from their respective populations. As shown in Figure 1 and Supplementary Figure S2 , in LS4D þ 250 mM NaCl, significant increases (Po0.0001) of growth rate and final biomass yield, but shortened lag phase, were observed for evolved strains compared with the ancestral strain, An, which had been maintained as a freezer stock. The growth rate of NaCl-evolved ES9-11 increased about fourfold (Figure 1a) , and the final biomass yield was about twofold than that of ancestral An (Figure 1b ), which were also significantly higher than that of control-evolved EC3-10 (growth rate, Po0.0001; final biomass, P ¼ 0.0022; Figures 1a and b) . The lag phase (20.3±0.6 h) in ES9-11 was significantly shorter than in EC3-10 (29.0 ± 1.0 h, P ¼ 0.0002) and in An (107.8 ± 14.9 h, P ¼ 0.0005) (Figure 1c) . Similarly, in LS4D, better growth of ES9-11 was observed with significantly increased growth rate, final biomass and shortened lag phase compared with An (P-values 0.0213, 0.0022 and o0.0001, respectively) or EC3-10 (P-values 0.0065, 0.0034 and 0.0009 respectively). By contrast, the growth of EC3-10 was similar to An except for a significantly (Po0.0001) shortened lag phase ( Figure 1 ). These data demonstrated that strain ES9-11 evolved under NaCl stress appeared to be more tolerant to a challenge of higher NaCl than strain EC3-10 that was evolved in medium without NaCl amendment.
Transcriptional profiling changes in evolved D. vulgaris
The significant improvement of NaCl tolerance in NaCl-evolved ES9-11 encouraged us to explore the gene transcription changes. We hypothesized that genetic changes accumulated during evolution will be reflected in gene transcription profiling. The overall similarity of the transcription profiling among ancestral strain, NaCl-evolved ES9-11 and control-evolved EC3-10 is presented using a detrended correspondence analysis plot ( Figure 2a ). The three strains are separated by Axis 1, which explained 38.77% of the total variance. Low NaCl stress did not stimulate substantial changes in any of the strains, but the additional 250 mM NaCl in the medium induced the largest changes in the transcriptional profile of the ancestral strain, intermediate changes in the control-evolved EC3-10 and minimal changes in the NaCl-evolved ES9-11. Statistical tests with AnoSim demonstrated the significant differences among the three strains: An vs ES9-11 (R ¼ 0.876, P ¼ 0.001), An vs EC3-10 (R ¼ 0.592, P ¼ 0.001), and two evolved strains ES9-11 and EC3-10 (R ¼ 0.807,
The number of genes with significant changes (cutoff values for log 2 R (treatment/control) and Z score were 1.5) also demonstrated significant differences among the three strains. As shown in Figure 2b , for strain An, 100-mM NaCl stress had almost no affect on transcription, whereas 250-mM NaCl stress had a major impact. A similar result, but dampened, was seen for the NaCl-evolved ES9-11, while a similar result but exaggerated was seen for the control-evolved EC3-10. Consistent with the minimal changes induced by 250-mM NaCl stress (Figure 2a ), the smallest number of differentially The significance of differences among three strains is shown at the Po0.05 level (t-test).
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expressed genes was detected in ES9-11 under 250-mM NaCl stress. Compared with An, in all the culture conditions, there were more differentially expressed genes in ES9-11 than in EC3-10. In addition, greater numbers of differentially expressed genes were found in ES9-11 compared with EC3-10 in all the culture conditions ( Figure 2b ). The results indicated that there were more gene expression changes in NaCl-evolved ES9-11 than in control-evolved EC3-10 under no-NaCl stress or NaCl stress conditions. Most of the differentially expressed genes in ES9-11 belonged to the functional categories of amino-acid metabolism and transport, inorganic ion transport, cell motility, energy production and conversion, signal transduction mechanisms and transcription as described below (Tables 1-3) .
Amino-acid synthesis and transport. Under noNaCl stress, 100-mM NaCl or 250-mM NaCl stress conditions, ES9-11 had a significant increase in expression of DVU0593 encoding L-lysine exporter and DVU2615 encoding a family 3 bacterial extracellular solute-binding protein (Table 1) . Under 250-mM NaCl stress, ES 9-11 had increased expression of genes DVU2341-DVU2343 in a three-gene operon encoding His/Glu/Gln/Arg/opine family amino-acid ABC transporter, of genes DVU2743 and DVU2744 in a five-gene operon encoding highaffinity branched-chain amino-acid ABC transporter, of DVU1378 encoding ketol-acid reductoisomerase (ilvC) involved in the biosynthesis of isoleucine or valine and of DVU3291 encoding the iron-sulfur cluster-binding subunit of Glu synthase. In addition, under NaCl stress conditions, ES-9-11 had a significant decrease in the expression of DVU1827 encoding acetylornithine deacetylase/succinyl-diaminopimelate desuccinylase family protein involved in the biosynthesis of lysine (Table 1) .
Inorganic ion transport and metabolism. Under no-NaCl stress or 100-mM NaCl stress, ES9-11 had significant increases in the expression of genes DVU2571-DVU2574 involved in iron transport, but lack of further increase of expression under 250-mM NaCl stress (Table 1) . Under 250-mM NaCl stress, strain ES9-11 had a significant increase in expression of DVU1778 encoding cation efflux family protein.
Cell motility. In all the conditions tested, ES9-11 had significant increases in expression of chemotaxis genes such as methyl-accepting chemotaxis protein (MCP) genes DVU3155 (dcrH) and DVU0170 and a general decrease in expression of 22 flagellar system related genes (Table 2) . Under 250-mM NaCl stress, ES9-11 had significant increases in expression of DVU3182 (dcrA) and DVU1904 (cheW-2) compared with An (Table 2) .
Energy production and conversion. Again under all the tested conditions, ES9-11 had significant increases in expression of genes involved in electron transfer system such as DVU0531-DVU0536 (hmc operon) and a cytochrome c gene DVU3107 compared with An (Table 3 ). Significant increases in the expression of a few other cytochrome genes under 250-mM NaCl stress were also seen in ES9-11. Under no-NaCl stress, ES9-11 had a significant increase in expression of DVU2645 encoding Na þ /H þ antiporter family protein. Under no-NaCl stress and 100-mM NaCl stress, strain ES9-11 had a generally decreased expression of hydrogenase genes in the coo operon The gene transcriptional profiling of NaCl-evolved ES9-11, control-evolved EC3-10 and ancestral strain An in medium with or without NaCl amendment are separated on detrended correspondence analysis plot. Each symbol represents a replicate sample. Circle, LS4D; triangle, LS4D þ 100 mM NaCl; square, LS4D þ 250 mM NaCl. (b) Numbers of differentially expressed genes (with cutoff values for log 2 R (treatment/control) and Z score as 1.5) in medium with or without NaCl amendment. LS4D-100, LS4D þ 100 mM NaCl; LS4D-250, LS4D þ 250 mM NaCl.
(DVU2286-2293). In addition, ES9-11 tended to increase the expression of two L-lactate permease family protein genes DVU2451 and DVU2683 under NaCl stress compared with An (Table 3) .
Signal transduction and transcription. When compared with An, ES9-11 had significant increases in expression of genes DVU0598 and DVU0599 encoding putative carbon-starvation proteins in all the conditions (Table 3) . Under no-NaCl stress or 10-mM NaCl stress conditions, ES9-11 had a significant increase in expression of DVU1967 encoding a transcriptional regulator. Under 250-mM NaCl stress, ES9-11 had significant increases in expression of genes DVU2114 (atoC, a sigma-54-dependent transcriptional regulator/response Abbreviations: An, ancestor DvH; ATP, adenosine triphosphate; DVU, Desulfovibrio vulgaris; EC, strain isolated from population No.3 evolved under control condition; ES, strain isolated from population No.9 evolved under salt-stress condition; LS4D-100, LS4D þ 100 mM NaCl; LS4D-250, LS4D þ 250 mM NaCl; NA, not applicable. Log 2 R ratios are shown with Z score in parentheses. Boldface indicates more than twofolds of expression changes.
Characterization of salt-adapted D. vulgaris A Zhou et al regulator), DVU0942 (fur, ferric uptake regulator), DVU0629 (transcriptional regulator, TetR family), DVU0138 (response regulator), DVU3187 (hup-4, DNA-binding protein HU (heat unstable)), DVU1995 (rsbV, anti-anti-sigma factor) and DVU0408 encoding a response regulator/sensory box/GGDEF (GlyGly-Asp-Glu-Phe) domain/EAL (Glu-Ala-Leu) domain protein.
Transcriptional changes of genes involved in other gene categories such as 'lipid transport and metabolism' or 'replication, recombination and repair' are listed in Supplementary Table S1 . These data were interpreted to indicate that ES9-11 adaptation to NaCl had occurred at the level of gene expression, potentially leading to increased biosynthesis or transport of amino acids, cation effluxes and energy production but decreased motility.
Accumulation of organic solutes in evolved D. vulgaris
Metabolite measurements were carried out to determine whether the transcriptional changes were reflected at the metabolite level. The total abundances of 23 detected metabolites (Supplementary  Table S2 ) were much higher in NaCl-evolved ES9-11 and control-evolved EC3-10 relative to the ancestral strain when grown in control medium (Figure 3a) . However, under NaCl stress conditions, ES9-11 Abbreviations: An, ancestor DvH; ATP, adenosine triphosphate; DVU, Desulfovibrio vulgaris; EC, strain isolated from population No.3 evolved under control condition; ES, strain isolated from population No.9 evolved under salt stress condition; LS4D-100, LS4D þ 100 mM NaCl; LS4D-250, LS4D þ 250 mM NaCl. Log 2 R ratios are shown with Z score in parentheses. Boldface indicates more than twofolds of expression changes. 
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Iron-sulfur cluster-binding protein
Hydrogenase, CooK subunit, selenocysteinecontaining, putative
Hydrogenase, CooU subunit, putative
Carbon monoxide-induced hydrogenase CooH, putative Abbreviations: An, ancestor DvH; ATP, adenosine triphosphate; DVU, Desulfovibrio vulgaris; EC, strain isolated from population No.3 evolved under control condition; ES, strain isolated from population No.9 evolved under salt-stress condition; FAD, flavin adenine dinucleotide; HAMP, Histidine kinases, Adenyl cyclases, Methyl-accepting proteins and Phosphatase; HU, heat unstable; LS4D-100, LS4D þ 100 mM NaCl; LS4D-250, LS4D þ 250 mM NaCl; NA, not applicable. Log 2 R ratios are shown with Z score in parentheses. Boldface indicates more than twofolds of expression changes.
showed the capacity to greatly increase intracellular metabolites relative to An, in contrast to EC3-10 ( Figure 3a ). Glu and Ala were the two most abundant amino acids in ES9-11 and An under all the tested culture conditions (Supplementary Table  S2 ). Significant abundance increases of Glu induced by NaCl stress was observed in ES9-11, but no significant abundance changes of Ala were induced by NaCl stress in ES9-11 and decreased Ala abundance under NaCl stress conditions were seen in EC3-10 ( Figure 3b ). Under no-NaCl stress, significant (Po0.05) abundance increases of 12 metabolites, including Glu, Ala, Asp, Val, Met, Thr, Ile, Leu, Gly, Pyruvic acid, Phe and agmatine, and significant abundance decrease of Lys were detected in ES9-11 (Supplementary Table S2 ). Glu is likely the most important contributor to osmoprotection under NaCl stress. Other less abundant metabolites such as Asp and Val could contribute little osmoprotection (Figure 3c ). Interestingly, abundances of Gln, Gly and GB in ES9-11 increased under 100-mM NaCl stress only. The abundance changes of metabolites such as Glu and Lys corresponded well with the transcriptional changes ( Table 1 ). The metabolite data suggested important roles of Glu, possibly Ala, Asp and Val in relieving NaCl stress, while other organic solutes such as Gln, Gly and GB might contribute under low NaCl stress only.
Decreased cell motility in evolved D. vulgaris
To test whether decreased expression of genes involved in flagellar assembly impacted cell motility, cell motility was evaluated by measuring the colony diameter after 4 days of incubation on soft agar. Decreases of cell motility induced by 250-mM NaCl stress were observed for NaCl-evolved ES9-11 (P ¼ 0.0216), control-evolved EC3-10 Changes of cell motility in evolved D. vulgaris strains under no-NaCl stress or 250-mM NaCl stress conditions. A t-test was performed to assess the significance of difference among strains (Po0.0001).
Characterization of salt-adapted D. vulgaris A Zhou et al (Po0.0001) and An (Po0.0001), and motility of ES9-11 was the lowest under no-stress and NaCl-stress conditions (Po0.0001) (Figure 4) , consistent with decreased expressions of flagellar system genes in ES9-11 in all the culture conditions. The fastest growth but lowest motility in ES9-11 under no-NaCl stress and 250-mM NaCl stress suggests the possibility of more energy flow towards osmoprotection with less energy available for other functions, such as motility.
Changes of PLFA composition in evolved D. vulgaris PLFA profiling was investigated to test whether the expression changes of genes involved in lipid metabolism was reflected in the cell membrane PLFA composition. Under no-NaCl stress, there was a significant increase of the UI of PLFAs in NaClevolved ES9-11 and control-evolved EC3-10 compared with An. Under 250-mM NaCl stress, unlike the significant (P ¼ 0.004) decrease of UI in An, no significant changes of UI were found in ES9-11 or EC3-10 ( Figure 5 ). PLFA composition changes under no-NaCl stress or 250-mM NaCl stress conditions were shown in Figure 6 . Under no-NaCl stress, increases of unsaturated 16:1 o7c and saturated 16:0 were found in ES9-11 and EC3-10, but significant higher percentages of fatty acids 16:1 o7c (P ¼ 0.0414) and 16:0 (P ¼ 0.0011) were found in ES9-11 than EC3-10; increase of unsaturated i16:1 H was only detected in ES9-11; decreases of fatty acids i15:0, i16:0, i17:1 o9c, i17:0 and 18:0 were detected in ES9-11 and EC3-10, but percentages of i15:0 (P ¼ 0.0123) and i16:0 (P ¼ 0.001) were significantly different between ES9-11 and EC3-10 ( Figure 6a ). Under 250-mM NaCl stress, different PLFA composition changes were found in ES9-11, EC3-10 or An (Figure 6b ). In addition to the increase of 18:1o7c and decrease of 17:0 seen in all the strains, unique changes in ES9-11 included increased i17:1 o9c, a17:1 o9c, i15:0 and decreased 16:1 o7c and 16:0.
In conclusion, unsaturated i16:1 H and 16:1 o7c might be the major fatty acids contributing to the increase of UI under no-NaCl stress. Branched PLFAs, including i17:1 o9c, a17:1 o9c and i15:0, might have important roles in keeping proper membrane fluidity under NaCl stress.
Discussion
Experimental evolution with microbes has been employed to address evolution-related theories and study genetically simple traits (Elena and Lenski, 2003; Kawecki et al., 2012) . NaCl tolerance is a complex trait involving several pathways (Warringer et al., 2003; Dhar et al., 2011) . This study provides an example of selection of NaCl tolerance trait through experimental evolution. Three main physiological components of NaCl stress response, including adaptation time to NaCl stress, growth rate and efficiency of growth in NaCl stress (Warringer et al., 2003) , have been improved in conversion ensure that sufficient energy is produced for cellular activities. In addition, decreased expression of flagellar assembly genes resulting in decreased cell motility allows more energy available for osmoprotection. Changes of genes involved in lipid metabolism may contribute to the significant changes of PLFA composition. The basal increase of unsaturated or unsaturated branched PLFA under no-NaCl stress and the unique increase of unsaturated or unsaturated branched PLFA under NaCl stress increases the membrane fluidity, which is critical for proper cellular function. Expression changes of regulatory genes under no-stress and NaCl-stress conditions ensure the rapid adjustment of gene expression to meet the challenges of NaCl stress. As a result, the inhibitory effect of NaCl stress on growth of D. vulgaris is conquered to a great extent: an increased growth rate and final biomass but shortened lag phase were observed for the NaCl-evolved strain ES9-11 under NaCl stress.
